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Abstract 


A search for a new resonance decaying to a W or Z boson and a Higgs boson in the i£ICvlw+ 
bb final states is performed using 20.3 fb”' of pp collision data recorded at -\A = 8 TeV with 
the ATLAS detector at the Large Hadron Collider. The search is conducted by examining the 
WHjZH invariant mass distribution for a localized excess. No significant deviation from the 
Standard Model background prediction is observed. The results are interpreted in terms of 
constraints on the Minimal Walking Technicolor model and on a simplified approach based 
on a phenomenological Lagrangian of Heavy Vecfor Triplefs. 
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1 Introduction 


Although the Higgs boson discovery by the ATLAS [1] and CMS [2] collaborations imposes strong 
constraints on theories beyond the Standard Model (SM), the extreme fine tuning in quantum corrections 
required to have a light fundamental Higgs boson [3, 4] suggests that the SM may be incomplete, and 
not valid beyond a scale of a few TeV. Various dynamical electroweak symmetry breaking scenarios 
which attempt to solve this naturalness problem, such as Minimal Walking Technicolor [5, 6, 7, 8], Little 
Higgs [9], or composite Higgs models [10, 11], predict the existence of new resonances decaying to a 
vector boson plus a Higgs boson. 

Using the full dataset collected by the ATLAS detector at 8 TeV centre-of-mass energy at the Large 
Hadron Collider, a search is performed for a heavy resonance decaying to VH, where V is a W or Z boson 
and H is the SM Higgs boson. This analysis looks for the leptonic decay of the W or Z boson and the 
Higgs decay into a f?-quark pair. Therefore the selected final states are: zero charged leptons targeting 
Z(—> vv)bb decays, one charged lepton W(—> €v)bb, and two oppositely charged leptons Z(—> (£)bb where 
£ = e,fi. The search is performed by examining the distribution of the reconstructed VH mass {nivn) for a 
localized excess. The signal strength and the background normalization are determined from a likelihood 
fit to the data distribution in the three channels studied. 

As a benchmark, the Minimal Walking Technicolor model (MWT) is used, a model with strongly coupled 
dynamics. This model predicts two triplets of resonances, and one of which is a vector and the 
other an axial-vector, that couple to vector bosons with strength g and to fermions with gig, where g 
is the weak SU(2) coupling constant. The bare axial-vector mass tua determines the masses of R\ and 
7?2. with the lower mass resonance R\ having a mass close to tua- Recent lattice simulations in this 
model [12, 13, 14] predict masses close to 2 TeV. The decay channels ^ Rj 2 

to Wbb and Zbb final states. 

A simplified approach based on a phenomenological Lagrangian [15] that incorporates Heavy Vector 
Triplets (HVT), which allows the interpretation of the results in a model-independent way, is also used. 
Here, the new heavy vector bosons, couple to the Higgs and SM gauge bosons via a combination 
of parameters gycu and to the fermions via the combination {g^Igv) Cf. The parameter gy represents 
the strength of the new vector boson interaction, while ch and Cf, which represent the couplings to the 
Higgs and the fermions respectively, are expected to be of order unity in most models. Two benchmark 
models [15] are used here. In the first model, referred to as model A, the branching fractions to fermions 
and gauge bosons are comparable, as in some extensions of the SM gauge group [16]. For model B, 
fermionic couplings are suppressed, as for example in a composite Higgs model [17]. 

The three final states presented in this Letter have been extensively studied for non-resonant production 
in ATLAS [18]. Moreover, a search for a pseudoscalar resonance in the (Cbb and wbb channels has 
already been published by ATLAS, setting limits on two-Higgs-doublet models [19]. Other searches for 
particles occurring in MWT and HVT models have been conducted by the ATLAS [20, 21] and CMS [22] 
collaborations. 

2 The ATLAS detector 

The ATLAS detector [23] is a general-purpose particle detector used to investigate a broad range of 
physics processes. It includes inner tracking devices surrounded by a superconducting solenoid, electro- 
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magnetic and hadronic calorimeters and a muon spectrometer. The inner detector (ID) provides precision 
tracking of charged particles with pseudorapidity ^ I 77 I < 2.5. The calorimeter system covers the pseu¬ 
dorapidity range \r]\ < 4.9. It is composed of sampling calorimeters with either liquid argon (LAr) or 
scintillator tiles as the active medium. The muon spectrometer consists of three large superconducting 
toroids and a system of trigger chambers and precision tracking chambers that provide triggering and 
tracking capabilities in the ranges of \r]\ < 2.4 and It/I <2.7 respectively. 

The ATLAS detector has a three-level trigger system to select events for offline analysis. 


3 Data and Monte Carlo samples 

This analysis is based on = 8 TeV pp collision data corresponding to 20.3 ± 0.6 fb“' [24]. The data 
used in the tvbb final state were collected using single-electron and single-muon triggers with transverse 
momentum (pt) thresholds from 24 to 60 GeV. The data used in the {ibb final stale were collecled using a 
combination of single-electron, single-muon, dielectron {ee) and dimuon {pp) triggers. The pr thresholds 
for the ee and pp triggers vary from 12 to 13 GeV. The data used in the vvbb final slate were collected 
using a trigger that requires a missing transverse momentum with magnitude greater than 

80 GeV. 

Simulated Monte Carlo (MC) samples for the MWT benchmark model use the implementation [25] in 
Madgraph5 [26], with the Higgs boson mass set to 126 GeV. The parameter g is set to 2 for signal 
generation. Constraints on other values of this parameter can be set using the same samples since the 
kinematic distributions do not depend on g. The parameter S , which is an approximate value [27] of the 
Peskin-Takeuchi S parameter [28] which measures potential new contributions to electroweak radiative 
corrections, is set to 0.3, in accordance with the recommendations in Ref. [29]. 

Signal samples for the HVT model are also generated with Madgraph5. The parameter cf is assumed to 
be the same for quarks and leptons including third-generation fermions. Other parameters involving more 
than one heavy vector boson, pycyyy, gyCwHH and cyvw, have negligible effect on the overall cross 
sections for the processes of interest here. For all signal events, parton showering and hadronization is 
performed with Pythia8 [30, 31] and the CTEQ6L1 [32] parton distribution functions (PDFs) are used. 
Benchmark signal samples are generated for a range of resonance masses from 300 to 2000 GeV in steps 
of 100 GeV. 

MC samples are used to model the shape and normalization of most SM background processes, although 
some are later adjusted using data-based corrections extracted from control samples. The production of 
W and Z bosons in association with jets is simulated with Sherpa 1.4.1 [33] using the CTIO PDFs [34]. 
Top quark pair production is simulated using Powheg [35, 36] with the Powheg-BOX program [37] inter¬ 
faced to Pythia6, using the CTEQ6L1 PDEs. In this analysis, the final normalizations of these dominant 
backgrounds are constrained by the data, but theoretical cross sections are used to optimize the selection. 
The cross sections are calculated at NNEO accuracy for W/Z+jets [38] and at NNEO-i-NNEE accuracy 
for tt [39]. Single top quark production is simulated with Powheg and AcerMC [40] interfaced to Py- 
thia6, using the CTEQ6E1 PDEs, and the cross sections are taken from Ref. [41]. Diboson production 


* ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector 
and the z-axis along the beam pipe. The Y-axis points from the IP to the centre of the LHC ring, and the i/-axis points 
upward. Cylindrical coordinates (r, (p) are used in the transverse plane, (p being the azimuthal angle around the beam pipe. 
The pseudorapidity is defined in terms of the polar angle 0 as ?/ = - In tan(0/2). 
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(W\y,WZ,ZZ) is simulated using Powheg interfaced to PythiaS, using the CTIO PDFs, and the cross 
sections are obtained at NLO from mcfm [42]. Finally, SM Higgs boson production in association with a 
VF/Z boson is simulated using PythiaS with the CTEQ6L1 PDFs, and considered as a background in this 
search. It is scaled to the SM cross section [18]. 

All MC simulated samples include the effect of multiple pp interactions in the same and neighbouring 
bunch crossings (pile-up) by overlaying simulated minimum-bias events on each generated signal or back¬ 
ground event. The number of overlaid events is such that the distribution of the number of interactions per 
pp bunch crossing in the simulation matches that observed in the data, with on average 21 interactions 
per bunch crossing. The generated samples are processed through the GEANxT-based ATLAS detector 
simulation [43, 44] or a fast simulation using a parameterization of the performance of the calorimetry 
and Geant4 for the other parts of the detector [45]. Simulated events are reconstructed with the standard 
ATLAS reconstruction software used for collision data. 


4 Object reconstruction 


The physics objects used in this analysis are electrons, muons, jets and missing transverse momentum. 

Electrons are identified for \r]\ < 2.47 and pj > 1 GeV from energy clusters in the electromagnetic 
calorimeter that are matched to tracks in the inner detector [46]. Quality requirements based on the 
calorimeter cluster and track are applied to reduce contamination from jets. 

Muons are reconstructed in the muon spectrometer in the range I 77 I < 2.7 and pj > 4 GeV [47]. Lor \t]\ < 
2.5 the muon spectrometer track must be matched with a track in the inner detector and information from 
both is used to reconstruct the momentum. Muons considered for this analysis must have pj >1 GeV. 

Lepton candidates are required to be isolated to reduce the multijet background. The scalar sum of the 
transverse momenta of tracks with pj > I GeV within a cone of A/? = = 0.2 around the 

lepton track (tracking isolation) is required to be less than 10 % of the lepton pj. 

Jets are reconstructed using the anti-kf algorithm [48] with radius parameter R = 0.4. The jet transverse 
momentum is corrected for energy losses in passive material, for the non-compensating response of the 
calorimeter, and for any additional energy due to multiple pp interactions [49]. Jets are required to have 
Pt > 30 GeV and \r]\ < 4.5. To reject low-px jets from pile-up, for jets with pj < 50 GeV and I 77 I < 2.5, 
the scalar sum of the pj of associated tracks, originating from the reconstructed primary vertex, is required 
to be at least 50% of the scalar sum of the px of all associated tracks. To avoid double-counting of leptons 
and jets, an overlap removal procedure is applied [18]. 

In the pseudorapidity range Ipl < 2.5, jets originating from fi-quarks are identified using a multi-variate 
Zi-tagging algorithm [50]. This has an efficiency of 70% and a misidentification rafe of less fhan 1% 
for selecting jets initiated by light quarks or gluons and of about 20 % for jets initiated by c-quarks, as 
determined from tt MC events. 

The missing transverse momentum is calculated as the negative of the vectorial sum of the calorimeter- 
based transverse momenta of all electrons, jets, and calibrated calorimeter clusters within Ipl <4.9 that are 
not associated with any other objects [51], as well as muon momenta. In addition, a track-based missing 
transverse momentum (p™‘“, with magnitude p™®® ) is used, calculated as the negative vectorial sum of 
the track-based transverse momenta of objects with \r]\ < 2.4 associated with the primary vertex. 
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5 Event selection and reconstruction 


Events are categorized into the vvbb, ivbb or iibb channels if they have zero, one or two reconstructed 
charged leptons respectively. All categories require at least two jets in the pseudorapidity range I 77 I < 2.5 
(central jets). The channels are further subdivided into categories of events containing one or two b- 
tagged jets; events with zero or > 3 ^-tagged jets are rejected. The Higgs boson candidate (and its mass 
m^fj) is reconstructed from the two Zj-tagged jets or, for l-Zj-tag events, the Zj-tagged jet and the highest-px 
remaining central jet. In order to suppress VT/Z+jets background, at least one of the jets must have px > 
45 GeV and the invariant mass of the dijet pair must be in the range 105 < < 145 GeV, consistent with 

the Higgs mass. In order to reduce the tf background in the vvbb and ivbb channels, events are rejected if 
they contain four or more jets. To improve the resolution of the VH mass a constraint to the Higgs boson 
mass is applied by scaling the Higgs boson candidate jet momenta by {mn = 125 GeV). Further 

channel-specific cuts are applied as outlined below. 


5.1 wbb channel 

Events are selected with >120 GeV and p™'^® > 30 GeV. A requirement is made on //x> defined 
as fhe scalar sum of fhe px of all jefs, in order fo keep a high frigger efficiency: //x > 120 GeV (> 
150 GeV) for evenfs wifh fwo (fhree) jefs. Selecfions are also applied on fhe angle befween fhe jefs 
used for reconsfrucfing fhe Higgs candidafe, AE^g, fo suppress fhe VT/Z-tjefs background [18]: for 120 < 
< 160 GeV, 0.7 < AE^^ < 1.8; for 160 < < 200 GeV, AE^^ < 1.8; for > 200 GeV, 

AE^^ < 1.4. Evenfs confaining an elecfron or muon passing fhe selecfion cufs described in Sec. 4 are 
removed. 

In evenfs wifh real E™*^® fhe directions of E““® and p“‘®® are expecfed fo be similar. In evenfs wifh 
fake E™'*® arising from a jef energy flucfuafion, fhe direcfion of E™*“ should be close fo fhe direction 
of fhe poorly measured jef. Therefore addifional criferia are imposed on angular quanfifies in order fo 
suppress fhe mulfijef background: fhe azimufhal angle befween E™'®® and p™*®, A0(£™®®,p™“®) < 7r/2; 
fhe minimum azimufhal angle befween E™*® and any jef, min[A0(E™*®®,jef)] > 1.5; and fhe azimufhal 
angle befween E™*® and fhe jef pair combinafion used fo reconsfrucf fhe Higgs candidafe, A0(£“*®®, bb) > 
2 . 8 . 

If is nof possible fo accurafely reconstrucf fhe invarianf mass of fhe ZEI sysfem due fo fhe missing neuf- 
rinos, so fhe fransverse mass is used as fhe final discriminanf: - -^JiE^ + E™®®)^ - (p** - 1 - E™*®®)^, 

where p*^ is fhe fransverse momenfum of fhe Higgs candidafe. The fofal accepfance times selecfion effi¬ 
ciency varies from 15% for mR^ - 400 GeV, fo 30% for mr^ = 1000 GeV and down fo 2% for mr^ - 2000 
GeV. The drop af very high masses is due fo fhe merging of fhe jefs. 

5.2 (vbb channel 

In order fo suppress fhe mulfijef background and ensure fhe single-lepfon friggers are fully efficienf, 
fighter idenfificafion criteria are placed on the lepton in this channel. The lepton px requirement is raised 
to Px > 25 GeV and, for the muon channel, the pseudorapidity is restricted to Ipl < 2.5. Moreover, the 
tracking isolation is tightened and required to be less than 4% of the lepton px. Similarly, the sum of 
transverse energy deposits in the calorimeter within a cone of AE = 0.3 around the lepton, excluding the 
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transverse energy due to the lepton and the correction for the expected pile-up contribution, is required to 
be less than 4% of the lepton px- 

The multijet background is further reduced by requiring jet) >1.0. W boson candidates are 

selected by requiring > 30 GeV and the transverse mass reconstructed from the lepton and 
ml, - ^IxE^^x X (1 - cosA^CAfi’™*®)) > 20 GeV. 

The WH system mass, myn, is reconstructed from the lepton, the and the two jets. The momentum 
of the neutrino in the z-direction, p^, is obtained by imposing the W boson mass constraint on the lepton 
and neutrino system, which leads to a quadratic equation. Here is taken as either the real component 
of the complex solutions or the smaller of the two real solutions. 

In order to reduce the IT-i-jets background, a requirement is imposed on the transverse momentum of the 
W boson, pj > 0.4 x myn- The cut depends on myn since the background is generally produced at low 
p^, whereas for signal the mean p^ increases with myn- The total acceptance times selection efficiency 
varies from 8% for = 400 GeV, to 20% for = 1000 GeV and down to 2% for = 2000 GeV. 


5.3 ((bb channel 

Events in this channel are selected by requiring two reconstructed leptons of the same flavour with 
opposite charge. In order to reduce the multijet background while keeping a high signal acceptance, 
tighter requirements are placed on one of the leptons. These tighter electrons or muons must have 
Pt > 25 GeV and, in addition, muons are restricted to \r]\ <2.5. A cut on the two-lepton invariant 
mass of 83 GeV< < 99 GeV is imposed to reduce tt and multijet backgrounds. The tt background is 
further reduced by requiring < 60 GeV. 

The invariant mass of the two leptons and two jets is used to reconstruct myH- 

In order to reduce the dominant Z-i-jets background, a selection, optimized for this channel, is imposed 
on the transverse momentum of the Z boson: p| > 0.4 x myu - 100 GeV. The total acceptance times 
selection efficiency varies from 18% for = 400 GeV, to 30% for nr/?, = 1000 GeV and down to 1% 
for niR^ - 2000 GeV. 


6 Background estimation 


All backgrounds except the multijet background are estimated from simulation, with data-based correc¬ 
tions for the dominant VT/Z-f-jets background as described in the following. The rate and shape of the 
multijet (MJ) background are estimated with data-driven methods. 

The MJ background is estimated in the 0-lepton channel using an “ABCD method” based on two un¬ 
correlated variables: min[A0(£'™“®, jet)] and A0(£'™®*,p™*®). The data are divided into four regions 
such that three of the regions are dominated by background. The signal region (A) is defined as ex¬ 
plained in Sect. 5. The MJ-dominated region C is obtained by reversing the A(/i(i?™“®,p™®®) requirement. 
An MJ template in region A is obtained using events in region C after subtracting the contribution of 
other backgrounds, taken from simulation. The template is then normalized by a fit to the regions with 
min[A0(£'“*®*,jet)] < 0.4 [18] (regions B and D with orthogonal A0(£'™*®*,p™*®®) requirements). 
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In the 1-lepton channel, the MJ background is determined separately for the electron and muon sub¬ 
channels. An MJ-background template is obtained from an MJ-dominated region after subtracting the 
small contribution from the other backgrounds. An MJ-dominated region is obtained by loosening the 
lepton identification requirements and reversing the isolation criteria. A binned fit of the full spec¬ 
trum of the data to the sum of the MJ contribution, Ik/Z-i-jets and other MC contributions is then used 
to extract the MJ normalization. The templates are validated in a control region enriched in MJ events, 
selected by reversing the requirement. 

For the 2-lepton channel in the eebb final state, the MJ background shape is determined by selecting 
events with reversed electron isolation criteria and its normalization is extracted by fitting the full data niee 
distribution including Z sidebands. The MJ background in the ^jibb final state is found to be negligible. 

The VT/Z-i-jets simulated samples are split into different components according to the true flavour of the 
jets, i.e. W/Z+qq, WjZ+cq, where q denotes a light quark (u, d, s) or a gluon, and 'WjZ plus heavy flavour 
(hf). The latter includes: WjZ+bb, WIZ+bq,WIZ+bc, WIZ+cc. The normalizations of IT-i-c^, Z-i-c^ and 
IT-i-hf, Z-i-hf are free parameters of the global likelihood fit. The scale factors after the fit are all consistent 
with 1, except for the Z-i-hf normalization that is 15% higher as seen in previous measurements [18]. The 
VT/Z-i-jets modelling is checked in control regions selected by requiring events with no Z^-tagged jets or 
in the sideband region in the Ttag and 2-tag channels. A difference between data and simulation 
is observed in the 0-tag control region and a correction is extracted as a function of the azimuthal angle 
difference between the two leading-pj jets, A^fjetj, jet 2 ). This is used to reweight the Z + qq and W + qq 
components. After this correction is applied a discrepancy is observed in the distribution in the 2- 
lepton channel after the requirement of at least one fi-tagged jet. A correction is extracted and used to 
reweight the Z + cq and Z-i-hf components. The full procedure is described in detail in Ref. [18]. 

The background contributions from single top quark and diboson production are normalized to the num¬ 
ber of background events predicted by simulation while the tt normalization is a free parameter in the 
likelihood fit. The description of the shape of the tt background from MC simulation has been validated 
in samples dominated by top pair events. Good agreement within uncertainties is observed between data 
and expectation in these validation regions. 

The tt control region is defined by requiring exactly one electron and one muon, one of which has pj > 
25 GeV, and two fi-tagged jets. It is included in the likelihood fit to constrain the tt normalization. The 
scale factor for the ti normalization is found to be 1.03 ± 0.04 after the likelihood fit to the 0- and 2-lepton 
channel plus the tt control region, and 0.99 ± 0.09 from the fit to the 1-lepton channel. The fit procedure 
is described in more detail in Sect. 8. 


7 Systematic uncertainties 


The most important experimental systematic uncertainties come from the jet energy scale (JES) and b- 
tagging efficiency. 

The JES systematic uncertainty arises from several sources including uncertainties from the in-situ calib¬ 
ration, the corrections dependent on pile-up and the jet flavour composition [52]. The fractional system¬ 
atic uncertainty on the JES ranges from 3% for a 20 GeV jet to 1% for a 1 TeV jet. 

The uncertainty due to the jet energy resolution is also considered. It varies from 20% for a jet with pj > 
20 GeV to 5% for a jet with pj > \ TeV. The jet energy scale and resolution uncertainties are propagated 
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to the reconstructed The uncertainty on also has a contribution from hadronic energy that is 

not included in jets [53]. 

The Zj-tagging efficiency uncertainty depends on jet px and comes mainly from the uncertainty on the 
measurement of the efficiency in tt events [50]. Uncertainties are also derived for c- and light-flavour jet 
tagging [54]. 

Other experimental systematic uncertainties that have a smaller impact are those on the lepton energy 
scale and identification efficiency and the efficiency of the triggers. 

In addition to the experimental systematic uncertainties, uncertainties are taken into account for possible 
differences between data and the simulation model that is used for each process. For the background mod¬ 
elling uncertainties the procedure described in Ref. [18] is followed. The Z-i-jets and IT-i-jets backgrounds 
include uncertainties on the relative fraction of the different flavour components, and shape uncertainties 
on the modelling of A0(jetj, jet 2 ) and distributions. For tt production, shape uncertainties are in¬ 
cluded for the modelling of top quark transverse momentum, and mvH distributions. The uncertainty 
on the MJ background shape in the 1-lepton channel is evaluated by using alternative templates obtained 
by changing the definition of the data sidebands. The uncertainty on the MJ background normalization is 
taken to be 100%, 30% and 50% for the 0-, 1- and 2-lepton channels, respectively. These are extracted 
from fits using alternative templates. 

The dominant uncertainties on the signal acceptance arise from the choice of PDFs (2-5%) estimated by 
comparing the default PDFs to other sets, and from the factorization and renormalization scales (5-10%) 
obtained by varying these up and down by a factor of two. 


8 Results and limit extraction 

The reconstructed mass distributions for events passing the selection are shown in Fig. 1 . The background 
expectation is shown after the profile likelihood fit to the data. Table 1 shows the number of events 
expected and observed in each final state. 

No significant excess of events is observed in the data compared to the prediction from SM background 
sources. Exclusion limits at the 95% confidence level (CL) are set on the production cross section times 
the branching fraction for MWT and HVT models. The limits for the charged resonance are obtained by 
performing the likelihood fit over the {vbb channel alone, while the i€bb, wbb channels as well as the tt 
control region are used for the neutral resonance. 

The exclusion limits are calculated with a modified frequentist method [55], also known as CLs, and the 
profile-likelihood test statistic [56], using the binned mvH mass distributions for (vbb, ((bb and wbb 
final states. Systematic uncertainties and their correlations are taken into account as nuisance parameters. 
None of the systematic uncertainties considered are significantly constrained or pulled in the likelihood 
fit. Figure 2 shows 95% CL upper limits on the production cross section multiplied by the branching 
fraction into WH and ZH as a function of the resonance mass separately for the charged R* and for 
the neutral Rj. The experimental limits are obtained using samples with a single resonance R\, where 
the cross section for /?2 has been set to zero to be less model-dependent. The theoretical predictions 
for the HVT benchmark model A with coupling constant gv - 1 allow exclusion of my,o < 1360 GeV 
{mv’± < 1470 GeV). Lor the MWT model, since there are two resonances of different mass, the results 
are displayed for the first one, pP^~. The excluded regions are m^o < 410 GeV, 750 < < 1200 GeV 



(a) vvbb 


(b) £vbb 


(c) abb 


Figure 1; Distributions of the reconstructed (a) transverse mass for the vvbb final state, (b) invariant mass 
nieyjj for the ivbb final state and (c) invariant mass niffjj for the ££bb final state for the l-Z7-tag (upper) and 2-b-tag 
(lower) channels. The background expectation is shown after the profile likelihood fit to the data. Any overflow is 
included in the last bin. The signals are shown stacked on top of the background and correspond to the benchmark 
models MWT with niRi = 700 GeV and HVT with my - 1000 GeV normalized to the expected cross sections. 




(a) R°{V'°) bb (b) /JjlT'*) ^ WH, H ^ bb 

Figure 2: Combined upper limits at the 95% CL for (a) the production cross section of (V'®) times its branching 
ratio to ZH and branching ratio of H to bb and (b) the production cross section of (V'*) times its branching ratio 
to WH and branching ratio of H to bb . The experimental limits are obtained using samples with a single resonance 
/?i; however, the theory curve line for MWT includes both Ri and The dip near 500 GeV in this theory curve is 
due to the interference between Ri and R 2 [7]. 


(700 < <1150 GeV). The dip near 500 GeV in this theory curve is due to the interference between 

Ri and R 2 [7]. To study the scenario in which the masses of charged and neutral resonances are the 
same, a combined likelihood fit over all signal regions and the tt control region is also performed. The 
exclusion contours in the [mA,g} plane for MWT are presented in Fig. 3. For this result, both resonances 
predicted by MWT, Ri and R 2 , are fitted simultaneously and, at each g, the different branching ratios 
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Table 1: The number of expected and observed events for the three final states. The expectation is shown after the 
profile likelihood fit to the data. The quoted uncertainties are the combined systematic and statistical uncertain¬ 
ties. The overall background is more constrained than the individual components, causing the errors of individual 
components to be anti-correlated. 


Two fo-tags 


vvbb 

ivbb 

Ubb 

Z+jets 

224 ± 14 

3.2 ± 0.2 

1198 ±47 

Vk-l-jets 

82 ±29 

61 ± 21 

- 

ti 

166 ± 10 

718 ±42 

321 ± 14 

Single top 

23.2 ± 2.6 

71.3 ± 8.1 

- 

Diboson 

10.1 ± 1.1 

2.8 ± 0.6 

25.9 ±5.8 

SM VH 

20.3 ± 8.1 

4.6 ± 1.9 

24.4 ±6.1 

Multijet 

< 3 

29 ± 13 

12.1 ± 9.1 

Total bkg. 

524 ± 20 

889 ± 28 

1581 ±39 

Data 

511 

879 

1593 

One i-tag 

Z+Jets 

2120 ± 150 

53.6 ± 4.7 

9120 ±550 

Ik-l-jets 

1450 ± 360 

1892 ±590 

- 

tt 

928 ± 43 

4650 ± 370 

425 ± 10 

Single top 

221 ± 25 

832 ± 94 

- 

Diboson 

48.2 ±3.8 

32.1 ± 2.5 

124 ± 17 

SM VH 

13.4 ±5.2 

6.9 ± 2.7 

17.6 ±7.0 

Multijet 

< 10 

316 ± 83 

139 ± 70 

Total bkg. 

4761± 69 

7782 ± 97 

9830 ± 100 

Data 

4758 

7854 

9827 


to WH and ZH are taken into account. Electroweak precision data, a requirement to remain within the 
walking technicolor regime and constraints from requiring real-valued physical decay constants exclude 
a portion of the plane. This analysis is particularly sensitive at high g values, where the limits exceed 
those from the dilepton resonance search [21]. 

The exclusion contours in the HVT parameter space {{g^lgv)cF, 9 vCh} for resonances of mass 1 TeV, 
1.5 TeV and 1.8 TeV are shown in Fig. 4 where all three channels are combined, taking into account the 
branching ratios to WH and ZH from the HVT model. These contours are produced by scanning the 
parameter space, using the HVT tools provided in a web-interface [57, 15]. 
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Figure 3: Exclusion contours at 95% CL in the plane of the Minimal Walking Technicolor parameter space dehned 
by the bare axial-vector mass versus the strength of the spin-1 resonance interaction {itia, g). Electroweak precision 
measurements exclude the (green) area in the bottom left corner. The requirement to stay in the walking regime 
excludes the (blue) area in the right comer. The large (red) area (black dashed line) shows the observed (expected) 
exclusion. The blue dashed line shows the observed exclusion from the dilepton resonance search [21]. The upper 
region is excluded due to non-real axial and axial-vector decay constants. Here both resonances predicted by MWT, 
Ri and R 2 , are htted simultaneously. 



Eigure 4; Observed 95% CL exclusion contours in the HVT parameter space {{g^lgv)cF, gvcn) for resonances of 
mass 1 TeV, 1.5 TeV and 1.8 TeV . The areas outside the curves are excluded. Also shown are the benchmark model 
parameters A{gv=l), A(gv-3) and '&{gv-3). 
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9 Summary 


A search for a new heavy resonance decaying to WHjZH is presented in this Letter. The search is 
performed using 20.3 fb~' of pp collision data at 8 TeV centre-of-mass energy collected by the ATLAS 
detector at the Large Hadron Collider. No significant deviations from the SM background predictions are 
observed in the three final sfafes considered: {(bb, (vbb, vvbb. Upper limifs are sef af fhe 95% confidence 
level on fhe production cross sections of Ri and V' for fhe Minimal Walking Technicolor and Heavy 
Vecfor Triplefs models respecfively. Exclusion confours af 95% CL in fhe MWT paramefer space [mA,g} 
and in fhe HVT parameter space {{g^lgv)cF, gvcn} are presented. 
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N.P. Dang^*, A.C. Daniells^^, M. Danninger^^^, M. Dano Hoffmann^^^, V. Dao^*, G. Darbo^°®, 

S. Darmora^, J. Dassoulas^, A. Dattagupta^^, W. Davey^^, C. David*^^, T. Davidek^^^, E. Davies^^*^’^, 

M. Davies^^^, P. Davison^*, Y. Davygora^^^, E. Dawe^^, L Dawson^^^, R.K. Daya-Ishmukhametova^®, 

K. De^, R. de Asmundis^^^^*, S. De Castro^'^®’^*’’’, S. De Cecco^*^, N. De Groot^°^, P de Jong^°^, 

H. De la Torre^^, E. De Eorenzi^^, E. De Nooij^'^’, D. De Pedis^^^^, A. De Salvo^^^^, U. De Sanetis'^^, 

A. De Santo'^^, J.B. De Vivie De Regie^^^, WJ. Dearnaley^^, R. Debbe^^, C. Debenedetti^^^, 

D. V. Dedovieh^^, I. Deigaard^*^^, J. Del Peso^^, T. Del Prete^^^‘‘’'^^’’, D. Delgove^'^, E. Deliot^^^, 

C. M. Delitzseh^^, M. Deliyergiyev^^, A. Dell’Aequa^^, E. Dell’Asta^^, M. Dell’Orso^^^^’^^^'’, 

M. Della Pietra^*’^^’-^, D. della Volpe^^, M. Delmastro^, PA. Delsart^^, C. Deluea^°^, D.A. DeMareo^^^, 
S. Demers^^^, M. Demiehev^^, A. Demilly^*’, S.P Denisov^^*’, D. Derendarz^^, J.E. Derkaoui^^^‘*, 

E. Derue^*’, P Dervan^^, K. Deseh^\ C. Deterre^^, PO. Deviveiros^*’, A. Dewhurst^^\ S. Dhaliwal^*^^, 

A. Di Ciaeeio'^^^’^^^*’, E. Di Ciaeeio^, A. Di Domenieo^^^®’^^^*’, C. Di Donato^°‘^‘‘’^°^’’, A. Di Girolamo^*^, 

B. Di Girolamo^'^, A. Di Mattia^^^, B. Di Mieeo^^^^’^^^'’, R. Di Nardo^^, A. Di Simone^^, R. Di Sipio^^^, 

D. Di Valentino^^, C. Diaeonu^^, M. Diamond^^^, EA. Dias"^^, M.A. Diaz^^^, E.B. Diehl^^, J. Dietrieh^^, 
S. Diglio*^, A. Dimitrievska^^, J. Dingfelder^^, E. Dittus^*^, E Djama^^, T. Djobava^^'’, J.I. Djuvsland^^®, 
M.A.B. do Vale^^‘^, D. Dobos^°, M. Dobre^^^*, C. Doglioni^^, T. Dohmae^^^, J. Dolejsi*^^, Z. Dolezal^^^, 

B. A. Dolgoshein^^’*, M. Donadelli^^'^, S. Donati^^^‘*’^^^’’, P Dondero^^^‘‘’^^^’’, J. Donini^^, J. Dopke^^^, 

A. Doria^**^^, M.T. Dova^\ A.T. Doyle^^, E. Dreehsler^^, M. Dris^°, E. Dubreuil^^, E. Duehovni^^^, 

G. Duekeek^®*’, O.A. Dueu^®^’^^, D. Duda^^^, A. Dudarev^*’, E. Duliot^^’, E. Duguid^^, M. Diihrssen^*’, 
M. Dunford^^^*, H. Duran Yildiz^®, M. Duren^^, A. Durglishvili^^’’, D. Dusehinger^^, M. Dyndal^*^, 

C. Eekardt'^^, K.M. Eeker'*’^, R.C. Edgar^^, W. Edson^, N.C. Edwards^^, W. Ehrenfeld^^, T. Eifert^*’, 

G. Eigen^^, K. Einsweiler^^, T. Ekelof'^^, M. El Kaeimi^^^'^, M. Ellert^^^, S. Elles^, E. Ellinghaus^^, 

A. A. Elliot^®, N. Ellis^*’, J. Elmsheuser^®*’, M. Elsing^°, D. Emeliyanov^^\ Y Enari^^^, O.C. Endner*^, 
M. Endo^^^, R. Engelmann^^^, J. Erdmann^^, A. Ereditato^^, G. Ernis^^^, J. Ernst^, M. Ernst^^, 

S. Errede^^^, E. Ertel^^, M. Esealier^^^, H. Eseh^^, C. Eseobar^^^, B. Esposito^^, A.I. Etienvre^^^, 

E. Etzion^^^, H. Evans^^, A. Ezhilov^^^, E. Eabbri^°^’^‘”’, G. Eaeini^^, R.M. Eakhrutdinov^^®, 

S. Ealeiano^^^^, R.J. Ealla^*, J. Ealtova^^^, Y Eang^^^, M. Eanti^^®’^^'’, A. Earbin^, A. Earilla^^^®, 

T. Earooque^^, S. Earrell^^, S.M. Earrington^’*’, P Earthouat^^, E Eassi^^^®, P Eassnaeht^*^, 

D. Eassouliotis^, M. Eaueei Giannelli^^, A. Pavareto^°^’^°'’, E. Eayard^^^, P Eederie^^^®, O.E. Eedin^^^’'”, 
W. Eedorko^^^, S. Peigl^°, E. Eeligioni*^, C. Eeng^^‘^, E.J. Eeng^, H. Eeng*^, A.B. Eenyuk^^*^, 

P Eernandez MartinezS. Eernandez Perez^*^, S. Eerrag^^, J. Eerrando^^, A. Eerrari^^^, P Eerrari^^^, 

R. Eerrari^^^^*, D.E. Eerreira de Eima^^, A. Eerrer^^^, D. Eerrere^^, C. Eerretti^^, A. Eerretto Parodi^'^®’^*’’’, 
M. Eiasearis^^ E Eiedler^^, A. Eilipcic^^, M. Eilipuzzi^^, E. Eilthaut^*^^, M. Eineke-Keeler^^^, 

K.D. Einelli'^*^, M.C.N. Eiolhais^^^^*’^^^^^, E. Eiorini^^’, A. Eiran^*’, A. Eiseher^, C. Eiseher^^, 

J. Eiseher^^^, W.C. Eisher^°, E.A. Eitzgerald^^, M. Eleehl^^, I. Eleek^^', P Eleisehmann*^, 

S. Eleisehmann^^^, G.T. Eleteher^^^, G. Eleteher^^, T. Eliek^^^, A. Eloderus*^, E.R. Elores Castillo^°®, 
M.J. Elowerdew^*’^, A. Eormiea^^^, A. Eorti*^, D. Eournier^^^, H. Eox^^, S. Eraeehia^^, P Eraneavilla^*’, 
M. Eranehini^*’^’^®'’, D. Eraneis^°, E. Eraneoni^^^, M. Eranklin^’, M. Eraternali^^^®’*^^*’, D. Ereeborn’^, 
S.T. Ereneh^^, E. Eriedrieh^^, D. Eroidevaux^*’, J.A. Erost'^**, C. Eukunaga^^^, E. Eullana Torregrosa*^, 

B. G. Eulsomi43, j. Euster^'’^ C. Gabaldon^^ O. Gabizon^^^ A. Gabrielli^o^’^Ob^ ^ Gabriellii32a,i32b^ 

S. Gadatseh^*^^^ S Gadomski^^, G. Gagliardi^*^®’^*^’’, P Gagnon^^, C. Galea^°^, B. Galhardo^^^®’'^^^^, 

E. J. Gallas^^o^ g j Qallop^^i^ p Gallusl2^ G. Galster^^, K.K. Gan“', J. Gao^^b.ss^ Y. Gao^^ 

YS. Gao^^3.e^ pjyj Garay Walls^^, E Garberson^26^ G. Garefa'^^^ j p Garcia Navarro^^^^ 

M. Garcia-Sciveres^^, R.W. Gardner^^ N. Garelli'^3^ V. Garonne^^^, C. Gatti^^, A. Gaudiello^^^’^*^*’, 

G. Gaudio^^ia^ g Gaur^^i, E. Gauthier*^^ P Gauzzii32ad32b^ j L Gavrilenko^^ C. Gay^^^ G. Gaycken^', 
E.N. Gazis^o, P Ge^^d, z. Gecsei^s, C.N.P Gee^^i, D.A.A. Geerts'O’^ pp Geich-Gimbel^i, 

M.P Geisler^^®, C. Gemme^*^^, M.H. Genest^^, S. Gentile^^^^’^^^'’, M. George^^, S. George^^, 
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D. Gerbaudo^^^, A. Gershon^^^, H. Ghazlane^^^'’, B. Giacobbe^*’^*, S. Giagu^^^^’^^^'’, V. Giangiobbe^^, 

P. Giannetti^24a,i24b^ g Gibbard^^, S.M. Gibson’^ M. Gilchriesei^, T.P.S. Gillam^^ D. Gillberg^o, 

G. Gilles^"^, D.M. Gingrich^-^, N. Giokaris^ M.P Giordani'6^^’l^4^ p jy^ Giorgi20^ F.M. Giorgi*^ 

PF. Giraud^^^, P Giromini^’, D. Giugni^^^*, C. Giuliani^^, M. Giulini^^’’, B.K. Gjelsten^^^, 

S. Gkaitatzis^^^, F Gkialas^^^, E.L. Gkougkousis^'^, L.K. Gladilin^^, C. Glasman^^, J. Glatzer^®, 

PC.F. Glaysher^^ A. Glazov^^, M. Goblirsch-Kolbioi, J.R. Goddard^^ J. Godlewski^^, S. Goldfarb^^ 

T. Golling49, D. Golubkoyi^o, a. Gomes^26a,i26b,i26d^ g Gon9alo^26a^ 

J. Goncalves Pinto Firmino Da Costa*^^, L. Gonella^^, S. Gonzalez de la Hoz^^^, G. Gonzalez Parra^^, 

S. Gonzalez-Sevilla^^, L. Goossens^°, PA. Gorbounov^^, H.A. Gordon^^, I. Gorelov^°^, B. Gorini^*’, 

E. Gorini^^^*’^^'’, A. Gorisek^^, E. Gornicki^^, A.T. Goshaw^^, C. Gbssling^^, M.I. Gostkin^^, 

D. Goujdami^^^^^, A.G. Goussiou*^*, N. Govender'^^*’, H.M.X. Grabas^^^, E. Graber^^, 

I. Grabowska-Bold^^^*, P Grafstrbm^®^’^®’’, K-J. Grahn^^, J. Gramling"^^, E. Gramstad^^^, 

S. Grancagnolo^^, V. Grassi^^^, V. Gratchev^^^, H.M. Gray^*’, E. Graziani*^^^*, Z.D. Greenwood^^’", 

K. Gregersen^*, I.M. Gregor"^^, P Grenier^^^, J. Griffiths^, A.A. Grillo^^^, K. Grimm^^, S. Grinstein^^’°, 
Ph. Gris^^, J.-E. Grivaz^^’, J.P Grohs^^, A. Grohsjean^^, E. Gross^^^, J. Grosse-Knetter^^, G.C. Grossi^^, 
Z.J. Grout^'‘‘’, E. Guan^^b, j. Guentheri^^, F. Guescini^^, D. Guest^’^ O. Gueta^^^ E. Guido5°“’5°^ 

T. Guillemin'^^, S. Guindon^, U. Gul^^, C. Gumpert'^^, J. Guo^^®, S. Gupta^^*’, P Gutierrez^^^, 

N.G. Gutierrez Ortiz^^, C. Gutschow'*^, C. Guyot^^^, C. Gwenlan^^°, C.B. Gwilliam^^, A. Haas^^°, 

C. Haber^^, H.K. Hadavand*, N. Haddad^^^®, P Haefner^^, S. Hagebbck^^, Z. Hajduk^^, 

H. Hakobyan^^’, M. Haleem^^, J. Haley^^^, D. Hall^^*’, G. Halladjian^*’, G.D. Hallewell^^, 

K. Hamacher^^^, P Hamal^^^, K. Hamano^^^, M. Hamer^"*, A. Hamilton^^^^, S. Hamilton'^^ 

G.N. Hamity^^^*^, PG. Hamnett^^, E. Han^^'’, K. Hanagaki"^, K. Hanawa'^^, M. Hance^^, P Hanke^^^, 
R. Hanna^^^, J.B. Hansen^^, J.D. Hansen^®, M.C. Hansen^', PH. Hansen^^, K. Hara^^°, A.S. Hard^^^, 

T. Harenberg^^^, E Hariri^^^, S. Harkusha^^, R.D. Harrington^^, PE Harrison^™, E. Hartjes^*’^, 

M. Hasegawa^^, S. Hasegawa^°^, Y. Hasegawa^^®, A. Hasib^^^, S. Hassani^^^, S. Haug^’, R. Hauser^*’, 

E. Hauswald^^, M. Havranek^^^, C.M. Hawkes'*, R.J. Hawkings^*’, A.D. Hawkins^', T. Hayashi^^°, 

D. Hayden^°, C.P Hays^^°, J.M. Hays’^, H.S. Hayward^"*^, S.J. Haywood^^\ S.J. Head^^, T. Heck^^, 

V. Hedberg^^, E. Heelan^, S. Heim^^^, T. Heim^^^, B. Heinemann^^, E. Heinrich^^*’, J. Hejbal^^^, 

E. Helary^^, S. Hellman^^^^’^^^’’, D. Hellmich^\ C. Helsens^°, J. Henderson^^°, R.C.W. Henderson’^, 

Y. Heng^^^, C. Hengler^^, A. Henrichs^^^, A.M. Henriques Correia^*’, S. Henrot-Versille^'^, 

G.H. Herbert^^, Y. Hernandez Jimenez'^^, R. Herrberg-Schubert'^, G. Herten^^, R. Hertenberger^*’^, 

E. Hervas^*^, G.G. Hesketh^^, N.P Hessey^*^^, J.W. Hetherly^*’, R. Hickling^^, E. Higon-Rodriguez^^’, 

E. Hill^^^, J.C. Hill^^, K.H. Hiller^^, S.J. Hillier^^, I. Hinchliffe^^, E. Hines^^^, R.R. Hinman^^, 

M. Hirose^^^, D. Hirschbuehl^^^, J. Hobbs^^^, N. Hod^'^’, M.C. Hodgkinson^^^, P. Hodgson^^^, 

A. Hoecker^®, M.R. Hoeferkamp^*^^, E Hoenig^*^°, M. Hohlfeld*^, D. Hohn^^, T.R. Holmes^^, 

T.M. Hong^^^, E. Hooft van Huysduynen^^°, W.H. Hopkins^^^, Y. Horii^°^, A.J. Horton^^^, 

J-Y. Hostachy^^, S. Hou'^^, A. Hoummada^^^^^, J. Howard^^°, J. Howarth^^, M. Hrabovsky^^^, 

I. Hristova^^ J. Hrivnac”^ T. Hryn’ova^ A. Hrynevich'^^ C. PJ. Hsu^^^’^, S.-C. Hsu^^s^ 

D. Hu^^, Q. Hu^^’’, X. Hu^^, Y. Huang^^, Z. Hubacek^*^, E Hubaut*^, E. Huegging^^, T.B. Huffman^^°, 

E. W. Hughes^^, G. Hughes^^, M. Huhtinen^*’, T.A. Hiilsing^^, N. Huseynov^^’^, J. Huston^'^, J. Huth^^, 

G. lacobucci'^^, G. lakovidis^^, I. Ibragimov^^^, E. Iconomidou-Eayard^^’, E. Ideal^^^, Z. Idrissi^^^*^, 

P. Iengo^°, O. Igonkina^°^, T. Iizawa^^\ Y. Ikegami^^, K. Ikematsu^^\ M. Ikeno^^, Y. Ilchenko^ 

D. Iliadis^^^, N. Ilic^^*, Y. Inamaru^^, T. Ince^*^^ P. loannou^, M. lodice^^^^, K. lordanidou^^, 

V. Ippolito^^, A. Irles Quiles^^’, C. Isaksson^^^, M. Ishino^*, M. Ishitsuka^^’, R. Ishmukhametov^'\ 

C. Issever^^°, S. Istin^^^, J.M. Iturbe Ponce^^, R. Iuppa^^^‘‘’^^^'’, J. Ivarsson*^, W. Iwanski^^, 

H. Iwasaki^^, J.M. Izen^^, V. Izzo^°^^, S. Jabbar^, B. Jackson^^^, M. Jackson^^, P. Jackson^, 

M.R. Jaekel^°, V. Jain^, K. Jakobs^^, S. Jakobsen^*’, T. Jakoubek^^^, J. Jakubek^^^, D.O. Jamin^^^, 
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D. K. Jana^^, E. Jansen^^, R.W. Jansky^^, J. Janssen^', M. Janus^™, G. Jarlskog*\ N. Javadov^^’^, 

T. Javurek^*, L. Jeanty^^, J. Jejelava^^®’'', G.-Y. Jeng^^*^, D. Jennens*^, P. Jenni^^’*', J. Jentzsch^^, 

C. Jeske^™, S. Jezequel^, H. J. Jia^^^, Y. Jiang^^'’, S. Jiggins^^, J. Jimenez Pena^^^, S. Jin^^^, 

A. Jinaru^®^, O. Jinnouchi^^^, M.D. Joergensen^^, P Johansson^^^, K.A. Johns^, K. Jon-And^^^^’^^^'’, 

G. Jones^’°, R.W.L. Jones^^, TJ. Jones^^, J. Jongmanns^*^, PM. Jorge^^^^’^^^’’, K.D. Joshi^^, 

J. Jovicevic^^^®, X. C.A. Jung^^, P. Jussel^^, A. Juste Rozas^^’°, M. Kaci^^^, A. Kaczmarska^^, 

M. Kado^^^, H. Kagan^^^, M. Kagan^^^, S.J. Kahn^^, E. Kajomovitz^^, C.W. Kalderon^^®, S. Kama"^*’, 

A. KamenshchikovN. Kanaya^^^, M. Kaneda^*’, S. Kaneti^*, V.A. Kantserov^*, J. Kanzaki^^, 

B. Kaplan^^®, A. Kapliy^^, D. Kar^^, K. Karakostas^®, A. Karamaoun^, N. Karastathis^'^’'^^, 

M.J. Kareem^^, M. Karnevskiy^^, S.N. Karpov^^, Z.M. Karpova^^, K. Karthik^^°, V. Kartvelishvili^^, 

A. N. Karyukhin'^*^, E. Kashif^’^, R.D. Kass^^\ A. Kastanas^"^, Y Kataoka'^^, A. Katre^^, J. Katzy^^, 

K. Kawagoe’*’, T. Kawamoto^^^, G. Kawamura^^, S. Kazama^^^, V.E Kazanin^®^’^, M.Y Kazarinov^^, 

R. KeelerR. Kehoe^*’, J.S. Keller^^, J.J. Kempster^^, H. Keoshkerian^^, O. Kepka^^^, 

B. P Kersevan^^, S. Kersten^^^, R.A. Keyes^^, E Khalil-zada^^, H. Khandanyan^^^^’^^^’’, A. Khanov^^^, 
A.G. Kharlamov^®^’^, T.J. Khoo^^, V. Khovanskiy^^, E. Khramov^^, J. Khuhua^^’’’^ H.Y Kim*, 

H. Kim'4^^’^4^'’, S.H. Kim^'^^, Y Kim*\ N. Kimura^^^^, O.M. Kind^^ B.T. King^^, M. King^^^ 

R. S.B. King^^*^, S.B. King^^*, J. Kirk^*\ A.E. Kiryunin^*’^, T. Kishimoto^^, D. Kisielewska**^, E. Kiss^*, 
K. Kiuchi^^'^, O. Kivernyk^*^, E. Kladiva'^^’’, M.H. Klein*^, M. Klein’^, U. Klein^^, K. Kleinknecht**, 

P Klimek^^^®’^^^*’, A. Klimentov^^, R. Klingenherg^*, J.A. Klinger*^, T. Klioutchnikova**’, PE. Klok'*’^, 

E. -E. Kluge^*®, P Kluit*®’, S. Kluth^*’', E. Kneringer^^, E.B.E.G. Knoops*^, A. Knue^*, 

A. Kohayashi^^^, D. Kohayashi^^^, T. Kohayashi^^^, M. Kohel^^, M. Kocian^^*, P Kodys^^^, T. Koffas^^, 
E. Koffeman^*’^, E.A. Kogan^^°, S. Kohlmann^^^, Z. Kohout^^*, T. Kohriki^^, T. Koi^^*, H. Kolanoski^^, 

I. Koletsou^, A.A. Komar^^’*, Y Komori^^^, T. Kondo^^, N. Kondrashova^^, K. Koneke^*, 

A.G. Konig^°^, S. Kdnig**, T. Kono^^’“, R. Konoplich^^®’", N. Konstantinidis’*, R. Kopeliansky^^^, 

S. Koperny**^*, E. Kopke**, A.K. Kopp^*, K. Korcyl*^, K. Kordas^^^, A. Korn^*, A.A. Korol^°^’^, 

I. Korolkov^^, E.V. Korolkova^*^, O. Kortner^°^, S. Kortner^*^^ T. Kosek^^^, V.V. Kostyukhin^\ 

V.M. Kotov^^, A. Kotwal^^, A. Kourkoumeli-Charalampidi^^^, C. Kourkoumelis^, V. Kouskoura^^, 

A. Koutsman^^^^, R. Kowalewski^^^, T.Z. Kowalski**^*, W. Kozanecki^*®, A.S. Kozhin^*°, 

V. A. Kramarenko^^, G. Kramherger^^, D. Krasnopevtsev^*, M.W. Krasny**’, A. Krasznahorkay**^, 

J. K. Kraus^^ A. Kravchenko^^, S. Kreiss^^*’, M. Kretz^*'^, J. Kretzschmar^^, K. Kreutzfeldt^^, 

P. Krieger^^*, K. Krizka*\ K. Kroeninger^*, H. Kroha^°\ J. Kroll^^^, J. Kroseherg^\ J. Krstic^*, 

U. Kruchonak^^, H. Kriiger^', N. Krumnack^^, Z.V. Krumshteyn^^, A. Kruse^^*, M.C. Kruse^^, 

M. Kruskal^^, T. Kuhota**, H. Kucuk’*, S. Kuday^", S. Kuehn^*, A. Kugel5*^ E. Kuger^’^, A. Kuhl^*’, 

T. Kuhl'^^^ V. Kukhtin^^ Y. Kulchitsky'^^^ § Kuleshov^^b, M. Kuna^^^^^’i^^b^ Kunigo^*, A. Kupco^^^, 

H. Kurashige^^, YA. Kurochkin^^, R. Kurumida^^, V. Kus^^^, E.S. Kuwertz^®, M. Kuze^^^, J. Kvita^'^, 
T. Kwan^^^, D. Kyriazopoulos^*^, A. Ea Rosa"^^, J.E. Ea Rosa Navarro^^'^, E. Ea Rotonda*^^’*^*’, 

C. Eacasta^^’, E. Eacava^*^^’^*^'’, J. Eacey^^, H. Eacker^^, D. Eacour*°, V.R. Eacuesta^^^, E. Eadygin^^, 
R. Eafaye^, B. Eaforge**’, T. Eagouri^^^, S. Eai^*, E. Eamhourne^*, S. Eammers^\ C.E. Eampen^, 

W. EampF, E. Eanfon^*^, U. Eandgraf'^*, M.P.J. Eandon^^, V.S. Eang^*^, J.C. Eange^^, A.J. Eankford^^*, 
E. Eanni^^, K. Eantzsch**^, S. Eaplace**^, C. Eapoire**’, J.E. Eaporte^*^, T. Eari^'^, 

E. Easagni Manghi^*^®’^*’’’, M. Eassnig*°, P. Eaurelli^^, W. Eavrijsen^^, A.T. Eaw^*’, P. Eaycock’^, 

O. Ee Dortz**’, E. Ee Guirriec*^, E. Ee Menedeu^^, M. EeBlanc^^^, T. EeCompte^, E. Eedroit-Guillon^^, 

C.A. Eee'^^’’, S.C. Eee^^^, E. Eee^, G. Eefehvre**^, M. Eefehvre^®^, E. Eegger'^**, C. Eeggett'^, 

A. Eehan’^, G. Eehmann Miotto*°, X. Eei^, W.A. Eeight^^, A. Eeisos^^^, A.G. Eeister^^^, 

M.A.E. Eeite^^‘^, R. Eeitner^^^, D. Eellouch^’^, B. Eemmer^^, K.J.C. Eeney^*, T. Eenz^^, B. Eenzi**^, 

R. Eeone^, S. Eeone^^^‘*’^^^'’, C. Eeonidopoulos^^, S. Eeontsinis^*^, C. Eeroy^^, C.G. Eester^*, 

M. Eevchenko^^*, J. Eeveque^, D. Eevin*^, E.J. Eevinson^^^, M. Eevy^*, A. Eewis^^°, A.M. Eeyko^\ 
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M. Leyton^i, B. H. H.L. Li^i, L. L. S. Li^^, Y. Z. Liang'^^, H. Liao^^, 

B. Liberti^^^^, A. Liblong^^^, P. Lichard^°, K. Lie^^^, J. Liebal^^, W. Liebig^^, C. Limbach^^, 

A. Limosani^^°, S.C. Lin^^^’^, T.H. Lin^^, F. Linde'°^, B.E. Lindquist^"*^, J.T. Linnemann^*’, 

E. Eipeles^^^, A. Eipniacka^^, M. Eisovyi^^, T.M. Eiss^^^, D. Eissauer^^, A. Eister^^^, A.M. Eitke'^^, 

B. Eiu^^'’^ D. Eiu^^i, J. Eiu^^ J.B. Eiu^^b, K. Eiu*^ E. Eiu^^^ M. Eiu^^ M. Eiu^^^, Y. Eiu^^^’, 

M. Eivan^^'^’^^^'’, A. Eleres^^, J. Elorente Merino^^, S.E. Eloyd^^, E. Eo Sterzo^^^, E. Eobodzinska^^, 

P. Eoch^, W.S. Eockman^^^, E.K. Eoebinger^^, A.E. Eoevschall-Jensen^^, A. Eoginov^^^, T. Eohse^^, 

K. Eohwasser^^, M. Eokajicek^^’, B.A. Eong^^, J.D. Eong^^, R.E. Eong^^, K.A. Eooper^^^ 

E. Eopes^^^^*, D. Eopez Mateos^^, B. Eopez Paredes^^^, E Eopez Paz^^, J. Eorenz'®**, 

N. Eorenzo Martinez^^ M. Eosada^^^, P Eoscutoff^^, PJ. Ebsel^*’°, X. Eou^^^, A. Eounis^^^, J. Eove^, 
PA. Eove’2, N. Eu^‘’, H.J. Eubatti^^s^ q L^^ii32a,i32b^ ^ Eucotte^^ E Euehring^^ W. Eukas^^^ 

E. Euminari^^^^, O. Eundberg^"^^^’^'^^'’, B. Eund-Jensen^^’, D. Eynn^^, R. Eysak^^^, E. Eytken^\ H. Ma^^, 
E.E. Ma^^‘^, G. Maccarrone^’, A. Macchiolo'*’^, C.M. MacdonaldJ. Machado Miguens^^^’^^^*’, 

D. Macina^*^, D. Madaffari^^, R. Madar^^, H.J. Maddocks^^, W.E. Mader^^, A. Madsen^^^, S. Maeland^^, 
T. Maeno^^, A. Maevskiy^^, E. Magradze^^, K. Mahboubi^^, J. Mahlstedt^*^’, C. Maiani^^^, 

C. Maidantchik24% A.A. Maieri°^ T. Maier^°°, A. Maio^ 26 a,i 26 b,i 26 d^ S Majewski^i^ Y. Makida^^ 

N. Makovec^'^, B. Malaescu^°, Pa. Malecki^^, V.P Maleev^^^, E. Malek^^, U. Mallik^^, D. Malon^, 
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